INTRODUCTION
Oxidative DNA damage is among the most frequent lesions encountered during the lifetime of a cell. Active oxygen species such as superoxide radicals, hydrogen peroxide (H202) and hydroxyl radicals are generated during normal cellular metabolism"). They are also responsible for DNA damage caused by ionizing radiation'-'). In the presence of transition metal ions such as iron and copper, H202 gives rise to the highest reactive hydroxyl radicals via the Fenton and Haber/Weiss reactions"), which cause strand breaks, apurinic/apyrimidinic (AP) sites, purine or pyrimidine base damage, damage to the deoxyribose moiety and DNA-protein crosslinkss,6s,1°-'2> If left unrepaired, these types of damage might have lethal and mutagenic consequences.
Strand breaks with the 3' termini phosphorylated and phosphoglycolated are produced by H202 treatment in vivo12,13). Because these broken ends lack 3'-OH termini, they cannot be repaired by DNA polymerases5,6,12,'3> These types of damage are called 3'-blocking damage or 3'-blocks"). Exonuclease III and endonuclease IV of E. coli, encoded by the xthA and nfo gene","), respectively, are the major enzymes which repair such strand breaks through exonucleolytic removal of the 3'-blocking damage ' 2,16-11) . Both enzymes also have an associated class II AP endonuclease activity, which endonucleolytically cleaves DNA at the AP sites""). Endonuclease IV is inducible by redox-cycling agents such as paraquat (methyl viologen) that generates super oxide radicals within E. coli cells20), thereby contributing to cellular defenses against oxidative damage. The existence of more than one repair enzymes to counteract the damage caused by H202 may provide evidence for its biological significance in vivo. However, a final evaluation of the biological consequences of an individual type of DNA damage will have to await the use of mutants defective in repair enzymes or specific repair activities for the damage.
We have previously reported the isolation and characterization of a mutant nfo-186 allele cloned into a plasmid21). The nfo-186 encodes an altered endonuclease IV (Nfo186) which has normal AP endonuclease activity but cannot repair 3'-blocking damage in DNA. This mutant is useful for clarifying the cause of lethal and mutagenic effects induced by H202. This paper shows that 3'-blocking damage rather than AP sites is the lethal and mutagenic lesion produced in DNA by H202.
MATERIALS AND METHODS
Bacterial strains and plasmids E. coli strains used in the present experiments were AB 1157 (thr-1 leu-B6 A (gpt-proA2) his-G4 argE3 thi-1 lacYl galK2 ara-14 xyl-5 mtl-1 tsx-33 rpsL31 supE44 rac), BW9109 (same as AB 1157 but A (xthA-pncA)), RPC500 (same as AB 1157 but nfo-1::kan) and RPC501 (same as AB 1157 but A (xthA-pncA) nfo-l::kan)14,15,22). The plasmids used were pNT180 (pUC18 carrying the wild-type nfo gene) and pNT 186 (pUC 18 carrying the mutant nfo-186 gene)").
Treatment of E. coli cells with H202
Overnight cultures of E. coli were diluted 100 fold into fresh LB medium and grown at 30°C until the optical density at 600 nm reached about 0.4. The cells were collected by centrifugation, washed twice and resuspended in phosphate-buffered saline (PBS, pH 7.2). The cell suspensions were then incubated at 30°C for 60 min with H202 at various concentrations.
Assays .for survival and mutation induction
For the survival assay, immediately after the treatment with H202, cell suspensions were appropriately diluted in PBS and plated on LB agar 211. After incubation at 30°C for about 18 hr, the number of viable colonies on the plates was counted to estimate survival. Induced mutation to arginine prototropy was assayed as follows; after the treatment with H202, cell suspensions were washed once and concentrated 10 fold in PBS. 0.1 ml of each cell suspension was plated on a M9
plate 211 supplemented with 10 pg/ml thiamine, 100 pg/ml each of L-leucine, L-histidine, L-proline and L-threonine and 1 µg/ml L-arginine. After an incubation at 30°C for about 48 hr, the number of arginine prototropy mutants was counted and the frequency of induced mutations was deter . mined according to Kondo et al.24) Assays for enzyme activity
The wild-type and mutant endonuclease IV were purified to near homogeneity and EDTA resistant AP endonuclease and 3'-phosphatase activities associated with endonuclease IV were determined as previously described").
RESULTS
E. coli BW9109 (xthA) is more sensitive to the lethal effect of H202 than AB 1157 (wild-type). The RPC501 (xthA-nfo) double mutant showed increased sensitivity to H202 compared with the xthA mutant, although RPC500 (nfo) showed no unusual sensitivity to H2O215,19,25) (Fig. 1) . In this study, the influence of xthA and nfo mutations on the mutagenic effect of H202 was examined. The frequency of arginine prototropy induced mutations was determined after exposing E. coli cells with various capacities of DNA repair to H2O2. Similar repair responses were obtained for the mutagenic effect of H202 on the different E. coli strains, as shown in Fig. 2 . The xthA mutant was highly mutable by H202, whereas the nfo mutant showed the same level of H202 sensitivity as the wild-type strain. The double mutant xthA-nfo showed a greatly increased sensitivity to the mutagenic effect of H202, compared with the xthA and nfo single mutants (Fig. 2) .
We have cloned the wild-type nfo gene into pUC18 plasmid vector and using site-directed mutagenesis isolated a characteric mutant nfo gene, nfo-1862 1. The pNT 180 and pNT186 contained the wild-type nfo and nfo-186 allele, respectively. The pNT 180 conferred increased resistance to the lethal effect of H202 in the double mutant, whereas the pNT186 did not (Fig. 3) . The wild-type endonuclease IV (Nfo) and mutant endonuclease IV (Nfo 186) were purified to near homogeneity and their enzymatic activities determined. As shown in Table 1 , it was evident that Nfo186 was defective in 3'-phosphatase activity while it retained the AP endonuclease activity, as previously described21.
The plasmids bearing the wild-type nfo gene and mutant nfo-186 allele were introduced into the xthA-nfo double mutant and the mutagenic effects of H202 compared. The results are shown in Fig. 4 . The introduction of pNT 180 significantly reduced the frequency of H202-induced mutations to arginine prototropy in the double mutant. On the other hand, pNT186 had no effect on the sensitivity of the double mutant to H2O2 mutagenesis. These results indicated that 3' .
Active oxygen species such as superoxide radicals, H202 and hydroxyl radicals are generated by ionizing radiation and during normal cellular metabolism in vivo1-3, '0)They cause many types of DNA damage including strand breaks, AP sites and damage to the base and deoxyribose moieties5,6s,11,12) In order to evaluate the biological consequences of an individual type of DNA damage, it is important to know the characteristic responses of mutants deficient in repair enzymes or specific repair activities for the damage.
Different strains of E. coli showed similar repair responses for the lethal and mutagenic effects of H202 (Ref. 15,19,21 and 25; Figs. 1 and 2) . The E. coli double mutant xthA-nfo showed an increased H202 sensitivity and were more hypermutable. Laspia and Wallace26) have shown that OX 174 RFI DNA containing AP sites was inactivated at a greater rate in xthA-nfo double mutants than in wild-type strain, but not in the xthA or nfo single mutants. These results suggested that either enzyme can substitute for the other. The existence of back-up enzymes to counteract the damage caused by H202 may provide evidence for its biological significance in vivo. There fore, AP sites and 3'-blocking damage produced in DNA by H202 could be lethal and mutagenic lesions. It is of importance to clarify which one from among these two DNA lesions that are repairable by exonuclease III and/or endonuclease IV is the most critical. In this study, we examined the effect of the pNT 186 plasmid on H202 mutagenesis in the xthA-nfo double mutant. The pNT186 plasmid contains a mutant nfo-186 allele 21). The Nfo186 encoded by the nfo-186 showed the same level of AP endonuclease activity as wild-type Nfo, but was defective in its 3' phosphatase activity (Ref. 21 ; Table 1 ). The Nfo 186 did not complement the hypermutability of the xthA-nfo mutant to H202 (Fig. 4) . These results indicated that 3'-blocking damage rather than AP sites is the primary lesions responsible for both the lethal and mutagenic effects of H202. Kunz et al.27) have reported that the mutation in both xthA and nfo genes had a spontaneous mutator effect and the largest increase in frequency was for the AT-TA transversion. This mutat ing effect is consistent with the A-rule. Our results also indicated that the GC-TA transversions also increased at the same rate as the AT-TA (data not shown). However, the spectrum for H202 induced base substitution mutations has not determined in the xthA-nfo mutant. The detailed analysis is currently under investigation in our laboratory. 
